The impedance characteristics of corroding iron was studied in acidic solutions with or without inhibitors, with special attention to the inductive impedance behaviour. The inductive behaviour, at low frequencies, was remarkable only in the sulphuric acid containing propargyl alcohol and it faded out with elapse of time.
Introduction
Application of the impedance method to corrosion rate measurement was first made by Epelboin, Keddam and Takenouchi1) and the mathematical analysis of the mixed potential electrode was presented by Haruyama2). Although there have been not much reports3)4) along this approach, it has been well established that the impedance of corroding metal is, in most cases, written as a complex function, thus Z(Jw)=Rso1+-Rcor/1+Jc0Cd1Rcor (1) where w is angular frequency (w=2irf, f; frequency in Hz), j=V-i, Cdl the interfacial capacitance,
Rcor the charge transfer component of polarization resistance, and the other symbols have their usual meanings. The corrosion resistance Rcor is related with the corrosion current icon in a similar manner with Stern-Geary relation5), thus Rcor=K/icor (2) where K is a constant of the magnitude of around 0.02 V6) at 25C. Recently, based on the theory of impedance, Tsuru and Haruyama7) devised the a-c corrosion monitor which permits an automatic recording of instantaneous corrosion rate of metal even in lessconductive media. A short review of the a-c corrosion monitor will be given below. In the a-c corrosion monitor, a two-electrode probe was polarized by an modulated voltage signal which consisted of sinusoidal voltages of two different frequencies, e.g. 10kHz and 0.01Hz.
Hence, the measured impedance is substantially the series combination of the impedances of the two electrode and solution resistance. As is readily seen in Eq. (1), the impedance at high frequency equals to the solution resistance and that at low frequency corresponds to Rsol+2Rcor. Therefore, substraction of the impedance at high frequencies from that at low frequencies yields 2Rcor. The a-c corrosion monitor was so designed that it yields automatically instantaneous corrosion rate in logarithmic scale covering over four decades. This monitor has been tested on more than a hundred cases and the results exhibited a fair correlation with that of weight-loss measurement8). On the other hand, Epelboin, Keddam and Takenouchi1) reported that iron exhibited an inductive behaviour at low frequencies in sulphuric acid with the presence of propargyl alcohol. The inductive behaviour was reconfirmed by Haruyama, Tsuru and Anan9) on similar conditions and explained by assuming an potentialdependent adsorption.
Since the inductive impedance means that impedance decreases with decreasing frequency, the a-c corrosion monitor may give an erroneous results for such system. The aims of this paper are to establish the impedance characteristics of iron in acidic solutions containing various inhibitors and to examine the applicability of the a-c corrosion monitor to those systems.
Experimental
Iron specimens of 4 x 1cm2 were cut from pure iron sheet (99.9 % purity) of 2mm thickness. The specimen was abraded with emery papers until it became mirror bright. After soldering a copper lead wire, the specimen was degreased with trichlorethylene in an ultra-sonic washer, followed by repeated washing with redistilled water. The specimen was covered with an epoxy resin except electrode surface of 2cm2. A pair of the electrodes parallel to each other was placed in a cylindrical cell made of Pyrex glass.
The solutions were 4 N-HCl and 4 N-H2SO4 and prepared from analytical grade reagents and redistilled water. Various concen trations of propargyl alcohol, butyl alcohol, thiourea, acryl amide, and aniline were added as inhibitors into the solutions.
The electrical circuit for impedance measurement was so arranged that the sinusoidal components of both the voltage and current were recorded on a two-channel storage oscilloscope or a two-channel pen-writing recorder. Sinusoidal voltage was supplied from a function generator to the cell and kept below +5mV throughout the experiments. Electric current through the cell was amplified with a galvanic amplifier. The absolute value of impedance /Z/ was calculated from the ratio of the amplitudes of voltage and current waves, and the phase shift 6 was read directly from the traces of the sinusoidal waves. The impedance measurements were taken 2h after immersion, whereupon corrosion rate reached a stationary state. Measurements were performed in the frequency range between 10kHz and 0.001Hz at 25+2C.
The impedance diagram was made by plotting the phase shift and the logarithm of the absolute value of impedance against the logarithm of frequency. Procedure for the calculation of interfacial capacitance Cd1 from the diagram will be found elsewhere8),10).
In the studies of corrosion rate with the a-c corrosion monitor, the upper portion of the specimen was covered with a water-proof silicon coating, and the surface area of electrode was either 1cm2 or 2cm2. The instantaneous corrosion rates were recorded for 24h, at 30C. The specimens were weighed before and after the test to determine the average corrosion rates.
3. Results and discussion 3.1. Impedance characteristics of corroding iorn Examples of the frequency response diagram of corroding iron were shown in Fig. 1 . As can be seen in Fig. 1 , the diagram in sulphric acid (Q) showed two arrests at both the higher and the lower frequencies connected by a diagonal line at intermediate frequencies, exhibiting two break points.
Appreciable phase shift was observed at intermediate frequencies and it was reduced to 45o at the two break points. The frequencies at the break point fh and f1 can be expressed in terms of circuit components, thus fh=1/2?rRso1Cdl and fl=1/22r(Rsol+Rcor)Cdl. (3) The behaviour is well consistent with that expected from Eq. (1). The arrest at higher frequencies corresponded to the solution resistance Rsol of 0.71 fcm2, and that at lower frequencies yields 2Rcos+ Rsol=4.69Qcm2. Hence, the corrosion resistance Rcor was found to be 1.99Qcm2. The corrosion rate calculated from Rcor will be summarized later in comparison with that from weight loss measurement.
In the presence of thiourea (o), however, the impedance did not reach the arrest even at highest frequency because of the upward shift of the diago- nal line which is originated from decrease in capacitance. Since the phase shift reached to 45o at high frequencies, however, Rsol can be estimated from Eq. (3) with reasonable accuracy.
Since the position of diagonal line relates with the double layer capacitance Cdl of the electrode as stated before, it is readily seen that Cdl decreased by the addition of either propargyl alcohol or thiourea.
3.2. Inductive impedance observed in the presence of propargyl alcohol The frequency responce diagrams of iron in 2 N-H2SO4 containing 0.005mol/l propargyl alcohol are shown in Fig. 2 , where the measurements were taken 0.5h (0) and 18h (O) after immersion of specimen. The diagrams exhibit a negative phase shift 0 and a decrease in absolute value at low frequencies. This behaviour, which is characteristic of inductance, was first reported by Epelboin, Keddam and Takenouchi1) on the same system. Armstrong11) presented the general expression of impedance on oxide-covered electrode, which permits to explain an inductive impedance under certain condition. Haruyama, Tsuru and Anan9) studied the impedance of corroding electrode systems containing inhibitor, and claimed that an inductive behaviour appeared only when the adsorption of inhibitor take place with a certain potential dependency.
Epelboin, Keddam and Takenouchi1) noted that the corrosion rate of the metal, which exhibited the inductive behaviour, corresponded to the ab- Fig. 4 shows the impedance diagrams of iron in HCl with 0.05mol/l of thiourea, butyl alcohol and aniline. The corrosion resistances Rcor of these systems were scattered between 6 and 13Qcm2 and the interfacial capacitances Cdl increased with decreasing the corrosion resistance ( Table 1 ). The phase shifts at low frequencies were approximately zero in all the systems. As shown in Fig. 5 and Table 1 , the corrosion resistance of iron was 4.36Qcm2 in blank HCl solution and increased to 66Qcm2 with increasing the concentration of acryl amide up to 0.1mol/l. Although the phase shifts at lower frequencies scattered around the abscissa especially at the lower concentrations, the absolute values of impedance /Z/ did not decreased with decreasing frequency. The inductive impedance reported by Epelboin et ally has been so impressive and one might believe that the polarization resistance method could not be used to measure the corrosion rate in the presence of inhibitors. From the results shown in Fig. 1 to 5 , however, it can be said that the inductive impedance is rather exceptionally observed only in the early stage of corrosion of iron in sulphuric acid containing propargyl alcohol. The origin of the inductive impedance is still uncertain at present, whereas the mechanism has been argued by Epelboin1), Haruyama9) and Armstrong11).
Impedance of iron in the presence of various inhibitors
3.4. Corrosion rate and inhibition efficiency It was established2)9) that the corrosion current density icor is related to the corrosion resistance Rcor, thus cor-RT/{a2n2+(1al)n1}FRcor=K/Rcor (4) where a; transfer coefficient, n; number of electron transfer, and subscripts 1 and 2 denote catholic and anodic reaction respectively. Equation (4) is substantially same with the Stern-teary relation5), although the former was derived under the condition of a-c polarization2),5).
In the linear polarization method developed by Stern5), the proportional constant K has been usually determined by compairing Rcor with the corrosion rate obtained from weight loss measure- The impedance method seems to give K slightly different from that of stationary method.
Haruyama and Tsuru8) obtained the K value from the regression line of about one hundred data obtained with the a-c corrosion monitor and the weight loss measurements. Using this K value, corrosion current density icor was estimated and tabulated in Table 1 , together with corrosion resistance Rcor, double layer capacitance Cdl, inhibition efficiency n, and the corrosion rate obtained from weight loss measurements. It is readily seen in the Table 1 that the corrosion rate estimated from the impedance measurement ic,i is in fair agreement with that of weight loss measurement
It can be also seen in Table 1 , the corrosion rates were depressed by addition of inhibitors and the inhibition efficiency exceeded over 90 percent in the case of acryl amide and propargyl alcohol in HCl, and propargyl alcohol and thiourea in H2SO4.
Since the agreement is also observed between the inhibition efficiencies calculated from the two methods, it is said that the impedance method can be used for evaluation of inhibitors. Further studies should be needed to understand the abnormally large interfacial capacitance which is often observed on corroding metals. HCl solution. When the concentration of acryl amide was reduced to 0.0025mol/l, corrosion rates increased with time, exhibiting an asymptotic behaviour. The highest inhibition efficiency in this experiment was attained by propargyl alcohol at the concentration 0.05mol/l. Thiourea did not give good efficiency in HCl, whereas it exhibited a good performance in H2SO4.
As can be seen in Fig. 6 , the corrosion rate of iron in sulphric acid with propargyl alcohol was relatively high in initial several hours, but then it decreased to less than one tenth of the initial corrosion rate.
The instantaneous corrosion rates obtained by the a-c corrosion monitor, shown in Fig. 6 , were averaged and compared with the corrosion rates measured by weight loss. Reasonable agreement was observed between two average corrosion rates obtained by two methods. Therefore, it can be said that the a-c corrosion monitor can be used to measure the corrosion rates in absence or presence of inhibitors, and this monitor is useful for an evaluation and screening of inhibitors as well as monitoring the effective concentration of inhibitor.
Summary
In order to establish the applicability of the a-c corrosion monitor, the impedance characteristics of corroding iron was studied in acidic solutions with or without inhibitors, with special attention to the inductive impedance behaviour. The inductive behaviour was remarkable only in the sulphuric acid containing propargyl alcohol and it faded out with elapse of time. As expected from the theory of impedance of corroding metal, the impedance arrest at lower frequencies corresponded to the sum of the solution resistance Rsol and the corrosion resistance Rcor, even in the presence of inhibitors. It was confirmed that the corrosion rates estimated from the impedance measurements were well consistent with that of weight loss method, and the a-c corrosion monitor permitted to trace the variation of corrosion rate even in the presence of inhibitor. The a-c corrosion monitor should be useful to evaluate the inhibition efficiency of inhibitor in a screening test as well as to monitor the optimum concentration of inhibitor in industrial plants.
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